The present study investigated diffusive emissions of methane (CH 4 ) and nitrous oxide (N 2 O) to the atmosphere from three relatively small (3-120 km 2 ) reservoirs
| INTRODUC TI ON
The damming of rivers has been integral to human population growth, economic development and technological innovation through the provision of a reliable water supply, security from flooding, irrigation water for agriculture and generation of electricity (Deemer et al., 2016; Snoussi et al., 2007) . About 16.7 million reservoirs have been constructed, with a combined storage capacity of ~8,070 km 3 and resultant increase in freshwater surface area by more than 305,000 km 2 , and an associated retention and degradation of carbon (C) (Maavara, Lauerwald, Regnier, & Cappellen, 2016) . The increased C retention and processing results in the reservoirs producing elevated levels of greenhouse gases (GHGs), including carbon dioxide (CO 2 ), methane (CH 4 ) and nitrous oxide (N 2 O; Barros et al., 2011; Deemer et al., 2016; Maeck et al., 2013; St. Louis, 2000; Yang et al., 2014) . CH 4 and N 2 O are powerful GHGs with global warming potential (GWPs), being 32 and 310 times worse than CO 2 over a 100-year time horizon (IPCC, 2013) . GHG emissions from reservoirs result from degradation of submerged biomass, allochtonous inputs and autochtonous production (Kemenes, Forsberg, & Melack, 2007 Teodoru et al., 2012) , and are influenced by the age of a reservoir (Abril et al., 2005G; Barros et al., 2011) .
Reservoirs (manmade lakes) are currently considered significant contributors of atmospheric GHGs (Barros et al., 2011; Bastviken, Tranvik, Downing, Crill, & Enrich-Prast, 2011; St. Louis et al., 2000) . Raymond et al. (2013) to diffusive fluxes, was also highly variable among the three dams, being lower in Masinga Reservoir and higher in Gitaru Reservoir.
K E Y W O R D S
African (tropical) reservoirs, greenhouse gases, Methane emissions, nitrous oxide emissions waters emit carbon dioxide (CO 2 ) at a rate of 2.1 Pg C/year, with emissions from hydroelectric reservoirs representing around 2% of this flux (49 Tg C/year), whereas Barros et al. (2011) estimated hydroelectric reservoirs emit about 48 and 3 Tg C/year as CO 2 and methane (CH 4 ), respectively, corresponding to about 4% of global carbon (C) emissions from inland waters. Deemer et al. (2016) revised upward the global reservoir GHGs emissions to 13.4 Tg CH 4 and 0.03 Tg N 2 O per year. The latter CH 4 fluxes were higher than the previous estimates since they consider fluxes from temperate reservoirs (Beaulieu et al., 2014; Maeck et al., 2013) and sub-tropical reservoirs (Grinham, Dunbabin, Gale, & Udy, 2011; Sturm, Yuan, Gibbes, Werner, & Grinham, 2014 ) not included in previous global estimates, but whose emissions are as significant as those from tropical systems. Nevertheless, only a handful of studies globally have analysed the contribution of nitrous oxide (N 2 O) to total GHG emissions from reservoirs (Deemer et al., 2016; Descloux, Chanudet, Serça, & Guérin, 2017; Guérin, Abril, Tremblay, & Delmas, 2008; Tremblay, Varfalvy, Roehm, & Garneau, 2005) , despite N 2 O having a higher global warming potential (GWP) compared with CH 4 . Further, there are sparse data from the tropical areas, although tropical reservoirs exhibit high run-offs and associated high organic carbon loads resulting from irregular and heavy precipitation (Tundisi, Matsumura-Tundisi, & Calijuri, 1993) , as well as nearly constant and elevated temperatures that causes thermal stratification and deoxygenation of bottom waters (Barros et al., 2011; Tundisi & Tundisi, 2012) . These conditions are known to be favourable conditions for enhanced CH 4 and N 2 O production and emissions (Demarty & Bastien, 2011; Fearnside, 1995; Galy-Lacaux, Delmas, Kouadio, Richard, & Gosse, 1999; Guérin et al., 2008) .
GHG emissions from reservoirs have led to controversy on the contribution of reservoirs to global warming, despite justifications by various authorities that hydroelectric power generation is a green energy (i.e. produces lower GHG emissions compared to fossil fuel) (Deemer et al., 2016; Hoffert et al., 1998; Victor, 1998 
| MATERIAL S AND ME THODS

| Study sites
The present study was carried out in the Tana River basin, Kenya Schneider, 1998) . Three sampling sites also were selected within Masinga Reservoir (along the water flow path: Masinga-1, -2 and -3) because of its larger size, while two sites were selected within Kamburu
Reservoir (Kamburu-1 and -2) and Gitaru Reservoir (Gitaru-1 and -2; Figure 1 ). The sampling sites on the upper reaches of the reservoir were located near the reservoir inlet (characterized by high water flow rates), while the lower reach sites were located towards the reservoir outlets (close to the turbines and characterized by lower water flow rates), whereas the mid-reach sites were located roughly halfway across the reservoir length. Other small rivers flowing into the reservoirs (e.g., Sabasaba, Thika, Chania and Thiba rivers) were not sampled in the present study because of logistical constraints.
| Field measurements and sample collection
Samples were collected biweekly at the inflows and outflows from the three study reservoirs during five sampling campaigns ( and N 2 O samples were collected with a rubber tube from the bottom of the Niskin bottles. In those cases where that Niskin bottles could not be used (e.g., sampling sites between the study reservoirs), water samples were drawn from a 0.5m depth below the river surface directly into sampling bottles. (Borges et al., 2015) . The methods described by Parsons, Maita, and Lally (1984) and APHA (1998) were used to analyse the dissolved ammonium (NH 
| Sample preparation and analysis
| RE SULTS AND D ISCUSS I ON
There were seasonal variations and different patterns in regard to the biogeochemical variables sampled in the river and study reservoirs ( Table 2 ). The surface water temperature was higher The CH 4 concentrations were generally higher in the rivers downstream of the reservoirs, whereas the N 2 O was generally higher at the withdrawal depth than in the river downstream of the dams ( Figure 6 ). For logistic reasons, the rivers downstream of the reservoirs were sampled several kilometres downstream, rather than immediately below the dams, which might have resulted in instream CH 4 production, and degassing of N 2 O to the atmosphere.
The diffusive CH 4 flux in the three Tana reservoirs ranged between 20 and 216 µmol/m 2 day −1 (Table 3) The lower CH 4 and N 2 O diffusive fluxes from the three Tana dams can be attributed to at least three reasons. First, the vegetation surrounding the reservoirs that was submerged during damming was open deciduous forest and grassland. Thus, the submerged biomass was less than that of tropical evergreen forests typical of South American reservoirs, for which higher CH 4 and N 2 O were reported (Guerin & Abril, 2007; Guérin et al., 2008) . Second, the three Tana dams are characterized by O 2 concentrations that decrease with depth, although strictly anoxic conditions were not encountered. This contrasts with the strongly meromictic reservoirs that exhibit anoxic bottom waters, which is typical with South American reservoirs (Guerin, & Abril, 2007; Guérin et al., 2008) . Third, the measurements reported in the present study were carried out 30-40 years after the construction of the dams, typically when the CH 4 fluxes are low due to large degradation of the original submerged biomass (Abril et al., 2005G; Barros et al., 2011) .
The total diffusive CH 4 flux (integrated over their respective surface areas) was 28,052 mol/day, with a contribution roughly equivalent to a relative surface area of 92% from Masinga Reservoir, 7%
for Kamburu Reservoir and <1% for Gitaru Reservoir (Table 3) Turbine fluxes are particularly important emission pathway for reservoirs, particularly when the spilled water is high in GHGs (Guérin & Abril, 2007) and when the water is withdrawn from the hypolimnion (Kemenes et al., 2007) . The GC was acquired with funds from the Fonds National de la Recherche Scientifique (FNRS) (contract no. 2.4.598.07). AVB is a senior research associate at the FNRS. We also thank two anonymous reviewers for their constructive comments on an earlier draft of this manuscript.
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